T he acute glucose-lowering effect of certain bariatric proceduresdbefore any significant weight loss has occurreddhas been known for decades (1) . In a comprehensive meta-analysis by Buchwald et al. (2) , type 2 diabetes remission rates after the most common bariatric procedure, Roux-en-Y gastric bypass (RYGB), were reported to be 80%. Applying the 2009 consensus criteria for the definition of diabetes remission has been reported to show complete remission of diabetes in "only" 41% of 160 RYGB-treated obese patients with type 2 diabetes (3). Importantly, bariatric surgery seems to improve several components of the metabolic syndrome, and type 2 diabetes-specific mortality rates have been demonstrated to be up to 90% lower in RYGB-treated subjects compared with nontreated control subjects (2, 4) . In comparison with medical therapy alone, recent clinical trials have shown that RYGB or biliopancreatic diversion resulted in better glucose control (5) , RYGB achieved glycemic control in significantly more patients (6) , and sleeve gastrectomy resolved the diabetic state more effectively (7) . Thus, it is well established that bariatric procedures improve glycemic control or even resolve the type 2 diabetic state. However, the mechanisms by which these operations bring about their glucose-lowering effects remain much debated. Obviously, the body weight-lowering effect of these operations contributes to the long-term improvements in glucose metabolism (primarily via increased hepatic and peripheral insulin sensitivity [8] ), but it is striking that amelioration of hyperglycemia after bariatric surgery occurs within days of the surgery, pointing to immediate, weight loss-independent mechanisms possibly related to surgery-induced changes in food intake (caloric restriction), gastrointestinal (GI) anatomy, or transit of nutrients.
The predominant hypotheses on the physiological background for the metabolic advantages (specifically, the glucoselowering effects) after bariatric surgery include changed release of GI hormones (increased secretion of hormones with antidiabetes properties and reduced secretion of "diabetogenic" hormones) and surgery-induced restriction of food intake. Here, the evidence for these two hypotheses will be scrutinized and compared to provide a robust analysis of current knowledge.
It's all GI factors
During recent years, it has become clear that the GI tract constitutes the largest and most varied endocrine organ of the body. More than 40 hormones originate from the GI tract, and several of these exert considerable impact on glucose metabolism and appetite regulation. The different GI hormones originate from specialized enteroendocrine cells scattered throughout the GI tract, with certain enteroendocrine cells located in specific regions and others more widespread and some with different density along the GI tract. The most important tasks of this complicated system of diverse enteroendocrine cells integrated amid muscle, nerve, and exocrine tissues are as follows: 1) to sense the amount and type of nutritional content in the lumen of the gut and 2) to signal to tissues and organs involved in metabolism and deposition of nutrients, making them react in harmonious concert to provide optimal short-and long-term conditions for handling of nutrients. The recent characterization of postprandial metabolism after bariatric surgical procedures (entailing anatomical rerouting of nutrients through the GI tract), combined with the rapid and frequent remission of type 2 diabetes after these operations, has more so put the small intestine center stage as an endocrine organ of significance in the regulation of appetite and metabolism. Most bariatric surgery procedures have been developed based on either restrictive ideas (e.g., gastric banding restricting the stomach using an adjustable silicone band or vertical-banded gastroplasty creating a smaller prestomach pouch) or malabsorptive ideas (e.g., biliopancreatic diversion connecting the distal part of the small intestine to the ventricle, bypassing the duodenum and jejunum, or jejunoileal bypass in which all but ;40 cm of the small bowel is detached and set to the side) or a combination (e.g., RYGB). (See below.) Currently, the most commonly used form of bariatric surgery is RYGB. As illustrated in Fig. 1 , RYGB includes surgical formation of a small stomach pouch using a stapler device. The small intestine is divided 75 cm distally from the ligament of Treitz, and the distal end is connected to the newly formed small stomach pouch (gastrojejunostomy). The upper part of the small intestine is then reattached in a Y-shaped configuration~125 cm distally to the gastrojejunostomy, thus forming a "secretory limb" where gastric juices, bile, and pancreatic exocrine products enter From the duodenum and flow onward to the jejunojejunostomy. In contrast, nutrients pass directly from the small stomach pouch into the "alimentary limb" (distal jejunum). In this way, mostly undigested food passes through~125 cm of jejunum before being mixed with bile and pancreatic and gastric juices (which have traveled alone from the duodenum through~75 cm of jejunum).
The observed remission of type 2 diabetes before any significant weight loss has taken place (9) suggests that the operation itself, including rerouting of ingested food (bypassing significant parts of the small intestine) and digestive fluids, changes handling of nutrients. In support of this theory, the purely restrictive procedure of gastric banding, which gives rise to long-term metabolic advantages associated with weight loss (10) , has no acute effect on postprandial glucose metabolism (or gut hormones) (11) . Rerouting of mainly undigested food from the stomach directly into the distal part of the small intestine (ileum) after RYGB ( Fig. 1 ) directly stimulates nutrientsensing enteroendocrine cells, with no stimulation in the bypassed proximal small intestine. In line with this, RYGB-induced changes in gut endocrinology with the potential to improve overeating and compromised glucose homeostasis include increased secretion of the incretin (insulinotropic) hormone glucagon-like peptide (GLP)-1 and the anorexic hormones peptide YY and oxyntomodulin from L cells (with a high density in the distal small intestine) (8, 12) . In addition to the strong but strictly glucose-dependent insulinotropic effect of GLP-1, the hormone has also been shown to enhance important steps of insulin biosynthesis and gene transcription, upregulate genes for the cellular machinery involved in insulin secretion, stimulate b-cell proliferation, enhance the differentiation of new b-cells from pancreatic progenitor cells, reduce apoptosis of b-cells, inhibit pancreatic glucagon secretion, and reduce appetite and gastrointestinal motility (13) . Observation of these powerful effects led to the development of GLP-1 receptor agonists for the treatment of type 2 diabetes (13) . Fasting plasma GLP-1 levels have consistently been shown to be preserved after bariatric surgery, whereas postprandial secretion increases by several fold (;20) after operations that entail rerouting of nutrients to the lower part of the small intestine (e.g., RYGB) (8, 12) . In line with this, the incretin effect, i.e., the greater insulin secretion in response to an oral glucose stimulus compared with an isoglycemic intravenous glucose stimulus, was shown to increase (by approximately fivefold) in patients with type 2 diabetes 4 weeks after RYGB (no increase in incretin effect was observed in a group of matched patients obtaining weight loss via caloric restriction) (14) .
Recently, the role of RYGB-induced elevated postprandial GLP-1 levels in humans has been examined in studies using the specific GLP-1 receptor antagonist exendin(9-39) (15, 16) . Salehi, Prigeon, and D'Alessio found that GLP-1 receptor blockade eliminated approximately one-half of the greatly elevated postprandial insulin responses in RYGBtreated subjects independently of glucose levels during ingestion of a meal (16). Jørgensen et al. (15) investigated postprandial glucose metabolism in obese patients with type 2 diabetes on two separate occasions with concomitant infusion of exendin(9-39) or placebo before and again ;1 week after RYGB. GLP-1 receptor blockade blunted postprandial b-cell responses more after than before RYGB, which in turn resulted in a greater impact of exendin(9-39) on glucose tolerance after the operation compared with preoperatively. This suggests a greater role of GLP-1 in maintaining glucose tolerance and insulin secretion in patients with type 2 diabetes after versus before RYGB. Together, these observations support the notion that elevated postoperative levels of GLP-1, which in turn stimulate insulin secretion, constitute an important part of the glucose-lowering effect of RYGB.
A fascinating case report points to the importance of changed delivery of nutrients to the distal gut after RYGB for improving postprandial glucose metabolism (17) . In a preoperatively diabetic patient, a standardized mixed-liquid meal test was performed on two separate occasions after RYGB: one meal was administered through the mouth (entering the small newly formed stomach pouch and from there flowing directly into the lumen of the L cell-rich ileum) and the other via a gastrostomy catheter into the remnant gastric pouch and onward through the duodenum and jejunum (approximating the preoperative nutritional pathway). When the meal was administered orally, typical postoperative exaggerated postprandial insulin and GLP-1 responses were found, while feeding through the gastric catheter resulted in insulin and GLP-1 responses similar to those seen preoperatively, and postprandial glucose intolerance reemerged. Thus, RYGB seems to have a direct beneficial effect on postprandial glucose metabolism, most likely owing to the greater exposure of L cells in the distal small intestine to ingested nutrients.
A common argument against RYGBinduced elevations of GLP-1 secretion constituting an important determinant for postoperative metabolic advantages is that subcutaneous administration of GLP-1 receptor agonists, resulting in peripheral plasma concentrations equal to those of endogenous GLP-1 observed after RYGB, only improves glycemic control modestly (18) . However, because of extensive degradation by the ubiquitous enzyme dipeptidyl peptidase 4, only 10-15% of endogenously secreted GLP-1 reaches the peripheral circulation (13) . Thus, after RYGB, levels of GLP-1 in the intestinal and portal circulation need to be grossly elevated to prompt ;20-fold higher-than-normal peripheral concentrations. Interestingly, important GLP-1 effects are elicited in these particular areas via activation of local afferent sensory nerve fibers (arising from the nodose ganglion), sending impulses to the nucleus of the solitary tract and onward to the hypothalamus, which in turn signal, for example, pancreatic insulin secretion (13) . These potentially very important mechanisms may not be elicited during GLP-1 receptor agonist treatment, explaining the different metabolic effects of GLP-1-based medical therapy and RYGB.
In addition to increased L-cell secretion, reduced secretion of the other incretin hormone, glucose-dependent insulinotropic polypeptide, which also is adipogenic and glucagonotropic (19) , from enteroendocrine K cells primarily located in the Figure 1dIn the left panel, the normal GI anatomy is shown. In the right panel, the anatomy after RYGB is shown. The green arrow indicates the passage of nutrients from the gastric pouch directly to the distal part of the jejunum (through the alimentary limb). The blue arrow indicates the passage of gastric, pancreatic, and bile fluids to jejunum (through the secretory limb).
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DIABETES CARE, VOLUME 36, SUPPLEMENT 2, AUGUST 2013 care.diabetesjournals.org bypassed proximal part of the small intestine (duodenum and jeunum) and suppression of ghrelin secretion have been described (8) . However, the precise role these hormones play in the glucose lowering and other metabolic advantages imposed by bariatric surgery remains to be established, as does RYGB-induced alterations in the recirculation of bile acids (increasingly being recognized as metabolic regulators, e.g., via activation of TGR5 on GLP-1-secreting L cells [20] ). Whether bariatric surgery per se improves metabolic function via modifications of GI factors or purely via the low caloric intake in the first days after surgery remains controversial (8) . However, data recently presented at the Annual Meeting of the European Association for the Study of Diabetes (21) showed that caloric restriction for a week (600 kcal/day resulting in 2.1 kg weight loss) or gastric banding had no effect on either hepatic or peripheral insulin sensitivity, whereas RYGB significantly improved both measures.
It's all food restriction
Over the last few years, detailed observations have been made on change in plasma glucose after bariatric surgeryd procedures that involve sudden change in food intakedas well as surgery to the GI tract. Importantly, Guidone et al. (22) showed that in people with type 2 diabetes, normal plasma glucose was restored within 7 days of biliopancreatic diversion surgery. As the group studied had a mean body weight of 152 kg, calorie balance and maintenance of steady weight would require intake of at least 3,200 kcal/day. The cataclysmic metabolic effect commencing on the day of surgery was that of sudden and profound negative calorie balance. The flow of carbon energy out of triglyceride stores must abruptly increase, and as ectopic fat stores are drawn on first in times of need, it could be predicted that liver fat levels would fall rapidly. This has previously been observed during modest calorie restriction (23) . Liver fat level is closely related to hepatic insulin sensitivity for control of glucose production (23, 24) . It is therefore to be expected that fasting plasma glucose concentration would fall in step with liver fat. These predictions about pathophysiologic steps during the reversal of type 2 diabetes helped identify the time sequence of steps during the development of the condition, and this led directly to the twin cycle hypothesis of the etiology of type 2 diabetes (25) . Hypotheses are testable.
For testing of the aspect of the twin cycle hypothesis relating to negative calorie balance, the Counterpoint study was conducted (26) . The effects of a 600 kcal/ day diet were examined in persons with up to 4 years' duration of type 2 diabetes. In the first 7 days, mean fasting plasma glucose fell from 9.2 6 0.4 to 5.9 6 0.4 mmol/L. Simultaneously, liver fat levels fell 30% to the same level as those in nondiabetic control subjects and hepatic glucose production normalized (Fig. 2 ). An 8-week period of less severe calorie restriction has been shown to produce generally similar changes (23) . The insulin sensitivity of the liver returned to normal in the 7-day period, but it is important to emphasize that muscle insulin sensitivity, reflected by the clamp technique, did not change at all. Acute, major negative calorie balance normalizes plasma glucose in type 2 diabetes.
Even more interestingly from the perspective of the etiology of type 2 diabetes, over the 8-week study period the pancreas fat level gradually fell to normal levels and both first-phase and total insulin response, measured by a gold standard method, gradually returned to normal (Fig. 3) . Hence, the Counterpoint study established that two separate time courses in the reversal of type 2 diabetes could be identified: a rapid return of fasting metabolism to normal in step with a fall in liver fat and a slower return of b-cell function to normal in step with a fall in pancreatic fat. During the 8 weeks of a very-low-calorie diet, mean body weight fell by 15.3 kg. No ongoing dietary input was provided after this intervention study, and mean body weight rose by 4 kg over the subsequent 12 weeks. At the end of this period, only 3 of 10 subjects retested had returned to a diabetic state based on oral glucose tolerance test criteria despite the weight gain (26) . The study demonstrated that reversal of type 2 diabetes and restoration of normal b-cell function depend simply on reduction in intraorgan fat in liver and pancreas, and this can be produced by dietary means alone.
It has been suggested that surgical bypass of the foregut is responsible for normalization of the incretin response, which in turn brings about normalization of plasma glucose levels (5, 19) . However, any surgical process that allows direct and sudden delivery of nutrients into the distal part of small intestine will cause supranormal secretion of incretins, especially when magnified by the typical use of either glucose or a liquid meal for such tests. The lack of relevance of the GI hormones in decreasing plasma glucose levels after bariatric surgery can be appreciated by comparing the effect of restrictive procedures such as gastric banding or sleeve gastrectomy with that of RYGB. All achieve similar effects on diabetes, although in proportion to degree of calorie restriction as reflected by ultimate weight loss (6, 10) .
The incretins are important secondary regulator hormones and exert modest effects compared with, for example, insulin itself. This can be seen upon considering the extent of decrease in plasma glucose achieved by administration of pharmacological doses of GLP-1 receptor agonists or of dipeptidyl peptidase 4 inhibitors. Blood glucose control is care.diabetesjournals.org DIABETES CARE, VOLUME 36, SUPPLEMENT 2, AUGUST 2013 S289 typically slightly improved, e.g., with exenatide therapy (27) . In this study, mean HbA 1c fell from 8.4 to 7.6%, thus remaining distinctly abnormal despite pharmacological levels of GLP-1 receptor agonist. Fasting plasma glucose was decreased by a smaller degree (from 9.3 to 8.7 mmol/L) as expected owing to the very nature of incretins, which predominantly affect the postprandial period. Incretins are most unlikely to bring about normalization of plasma glucose in diabetes, but they are interesting hormones concerned with finetuning, not primary control, of metabolism. The major mechanism of the decrease in plasma glucose after bariatric surgery or hypocaloric dieting is not in doubt. Acute negative calorie balance is all that is needed to reverse type 2 diabetes. One forgotten observation is that of Walter Pories, the father of bariatric surgery. He pointed out decades ago that an intended gastric bypass operation that had to be abandoned (because when the abdominal cavity was opened, the stomach was found to contain food) produced an effect on blood glucose in the days after surgery that was the same as that produced by gastric bypass itself, as food intake had to be severely restricted post-abdominal surgery (28) .
Conclusions
Two incontrovertible conclusions can be derived, and several areas can be identified as requiring clarification. First, surgically induced direct delivery of nutrients to the small intestine will increase the GLP-1 response to a meal and enhance the insulin response. Second, induction of sudden negative calorie balance by any means in type 2 diabetes normalizes plasma glucose levels within days, and this is the predominant mechanism underlying the early metabolic changes after bariatric surgery. It remains to be established what proportion of the enhanced meal-related insulin secretion is dependent on change in incretin secretion and also what difference on long-term b-cell function results from surgically induced increased GLP-1 secretion.
It would be of considerable practical utility to identify in advance individuals likely to return to normal blood glucose control after bariatric surgery or sustained dietary intervention. Until recently, the best prognostic index has been duration of diabetes (29) . However, a recent study on people with BMI ,35 kg/m 2 dramatically demonstrated that RYGB achieved complete remission in 58 of 66 people even though the median duration of diabetes was 8 years (range 1-19 years). This is a far higher percentage than observed in previously reported subgroups with comparable duration but higher initial BMI (30) . It would appear that if intraorgan fat mass is not greatly elevated, there is a substantially greater chance of success of reducing it below the threshold level for diabetes for the individual. In these less obese subjects, there was no recurrence of diabetes over a median of 5 years of follow-up.
There is no debate as to whether bariatric surgery is much more likely to achieve long-term weight loss when applied prospectively to groups of people than is dietary advice. That is an enormously important clinical consideration. However, this should not be confused with the mechanism of how reversal of type 2 diabetes comes about. Aspects of diabetes can be modulated by a number of physiological modulators including the incretin system. But type 2 diabetes is basically simple: if an individual is too heavy, the risk of diabetes is high, and if populations are too heavy then type 2 diabetes will be prevalent.
